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MEMS: Micro Electro Mechanical System

Application - Automobiles
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MEMS Application Domains
MEMS Exploder for Torpedoes

Shear-Stress Sensor for Jet Fighter (Caltech)

Pico Satellites (Aerospace Corp)
MEMS Sensors for Munitions

M E M SM E M S
DARPADARPA



5

MEMS Fabrication

Anisotropic 
bulk etching

Surface 
micromachining

LIGA

F

SFx
+

Deep reactive-ion 
etching

Wafer bonding

LIGA  = fabrication of high aspect ratio 
microstructures using 

X-ray lithography (LI = Lithographie) using SR to 
generate primary microstructures in PMMA or SU-8

Electroforming (G = Galvanik) to produce 
microstructures in metal

Molding (A = Abformung) of secondary 
microstructures in polymers, metals, and ceramics

LIGA – Process
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Shadow printing 
using x-rays

X-ray mask

Resist
Substrate 

Development 

LIGA Process – X-ray Lithography

Electroplating
of metal structures
and mold inserts

Replication by molding
(hot embossing, 

injection molding)

LIGA –
Electroforming and Molding
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The Birth of X-ray Lithography (1975)

Exciting Results
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A Very Specific Application for High-Aspect-Ratio

IKVT/KFK, 1984

Becker, Ehrfeld, Heuberger, Betz,... @ DESY and Bonn Univ.

First Publication – The Birth of LIGA (1982)
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Key Features of LIGA Microstructures

• Vertical and 
smooth sidewall

• Smallest structures 
of some micrometer

•Sub-micrometer 
structural details

•Extreme structure heights 
up to some millimeters

• Arbitrary cross-
sectional shape

Light Source - Synchrotron Radiation
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Light Emitted by 
Relativistic Electrons

16.3 m Electron Energies:  1.3/1.5 GeV
Photon Energies: IR – 15 keV X-rays

Electron beam in ring
Vacuum chamber

Photon beam emitted tangentially
from dipole magnet

SR
Bending Magnet

Sun (6000° C)

Light Bulb
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Medical X-ray

SR - Comparison
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X-ray Lithography – Setup at a
Synchrotron Light Source
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X-ray Lithography – Basic Equations
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Energy loss per revolution [kW]

Characteristic energy [eV]

Vertical opening angle [mrad]

P[W/mrad 100mA] = 1.37 @ 1.3 GeV
P[W/mrad 100mA] = 2.44 @ 1.5 GeV
P[W/mrad 100mA] = 9.96 @ 1.5 GeV, 7T

Ec = 1.6 keV @ 1.3 GeV
Ec = 2.5 keV @ 1.5 GeV
Ec = 10.5 keV @ 1.5 GeV, 7T

X-ray Lithography – Basic Equations

mrad4.03.0 −=Ψ

Exposure of Thick Resist Layer

Exposure of resist will transfer mask pattern 
of the mask into a latent image

Photon Energy is deposited into the resist
by absorption at individual atoms
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Filter2, d2

I2

Absorption of X-rays
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X-ray Absorption of PMMA
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D(z) Absorbed Dose [J/cm3] in Depth z 
E Electron Energy [GeV] 
r0 Radius of Curvature of Bending Magnet [m] 
R Distance Source to Scanner [m] 
I Electron Current [A] 
H Scanning Height [mm] 
G3 Universal Spectral Distribution Function  
λc Characteristic Wavelength of the Source 
µi(λ)  Linear Absorption Coefficient of i-th Material [1/µm] 
di Thickness of i-th Absorber [µm] 

 

Calculation of Dose Deposition 
As a function of Resist Depth
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  CAMD white light power spectrum
  Spectrum after passing 150µm Be vacuum window
  Spectrum after passing 300µm Be mask
  Spectrum after passing 250µm PMMA resist

Power Spectra after Transmission 
through Window, Mask, and Resist
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only 5% difference in absorbed energy in a thin resist layer
uniform dose deposition

Thin Resist Layer
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0 50 100 150 200

10000

20000

30000

40000

50000
Exposure of 200µm PMMA resist at CAMD@1.3 GeV

Absorbed Energy [J/ccm]

min. bottom dose of 4 KJ/ccm

 absorbed energy without Al filter
 absorbed energy with 5µm Al filter

Resist Depth [µm]

=> Non-uniform dose deposition in thick resists

Thick Resist Layer

top dose: maximum dose
allowed at top of resist before
bubble formation occurs

bottom dose: minimum dose
needed at resist-substrate interface 
to completely dissolve the resist

critical dose: maximum dose
underneath absorber to avoid
Development (threshold)

Mask

Substrate

Critical Parameters in 
DXRL Exposures
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How can we transfer a design/idea into an X-ray mask ?

X-ray Mask Fabrication

Design a pattern

Writing the pattern into a thin resist
Using an Optical Pattern

Generator or Electron Beam
Writer

X-ray Mask

Create/write an 
optical mask

Au
electroplating

Copy pattern onto
an x-ray mask

Mask Fabrication – General Concept
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=> Thin membranes from Silicon, Silicon Nitride, Titanium, Diamond
=> Low Z “sheets” from Graphite, Beryllium, and Silicon (UDXRL)

• Good X-ray and optical transmission

• Compatible with plating of Au absorber

• Radiation resistant
• Good mechanical stability, low internal stress

• Compatible with established mask making processes and equipment

X-ray masks are important for a successful LIGA fabrication

X-ray Mask – Membrane Materials

Electron beam lithography in thin resist layers (3-4 µm)

Intermediate X-ray mask for 2-3 µm of Au, 0.1 - 0.2 µm details, 
rounding below 100 nm, vertical sidewalls
Electron beam lithography in thick resist layers (20 µm)

Working X-ray mask for up to 15 µm of Au, no sub-µm details 
(proximity effect), rounding ~3 µm, vertical sidewalls

Optical lithography in thin resist layers (3-4 µm)

Intermediate X-ray mask for 2-3 µm of Au, ~0. 5 µm details, rounding 
~1 µm, vertical sidewalls

Optical lithography in thick resist layers (20-80 µm)
Working X-ray mask for 15-50 µm of Au,….limits?

X-ray Mask – Fabrication Process

Smaller Size has its Price !
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• Low losses or high transmission

• Stable (thick) membrane

• Good thermal conductivity

Properties desired

=> Low Z materials

X-ray Mask and Filter - Transmission

Beryllium
Best transmission, thick sheets possible, good thermal conductivity
but: toxic, no optical transparency, price

Rigid Graphite
Acceptable transmission, thick sheets possible, good thermal conductivity, cheap 
but: poor surface roughnessa no optical transparency, striations?

Diamond
Acceptable transmission, good thermal conductivity, optical transparency
but: free-standing in bigger format critical, price

Silicon Based (Si, SiC, Si3N4)
Acceptable transmission, optical transparency, established MEMS material
but: thin membrane, poor cooling properties
Titanium
Acceptable transmission
but: thin membrane, poor cooling properties, no optical transparency

X-ray Mask – Membrane Materials
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X-ray Mask – Au Absorber 1
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5000 10000 15000 20000 25000 30000 35000 40000
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  2 µm Au
 10 µm Au
 20 µm Au
 50 µm Au

Transmission through Au absorber of different thickness

Photon Energy [eV]

X-ray Mask – Au Absorber 2

Source: FZK IMT

X-ray Mask – Thin Film membrane 

Pattern area (6.5 x 2.5 cm2)
Ti mask: FZK IMT
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Source: Sandia National Laboratory/California
100 µm thick Si wafer, 30 µm of Au absorber

X-ray Mask – Silicon Substrate

Source: SSLS

200 µm thick graphite wafer, 20 µm of Au absorber

X-ray Mask – Graphite Substrate
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X-ray Mask Fabrication Processes

CAD Mask Layout

Optic Mask Optic Mask

Intermediate 
X-ray Mask

Intermediate 
X-ray Mask

Working X-ray Mask

EB/PG EB/PG

EB

PL

PL

XRL XRL

EB: E-Beam writing, PG: Pattern Generator, PL: Photo-Lithography, XRL: X-ray Lithography

Advantages of Graphite Based X-ray Mask:
*Low cost mask membrane   *Simple fabrication process   *Larger pattern area and thicker gold absorber

Jian LK et al, COMS 2003, September 8 -11, 2003, Amsterdam, The Netherlands

Thick gold absorber 
-- Ultra thick structures
fabrication (e.g. 2.5 mm and 
3.6 mm SU-8, HAR:360)

Large pattern area 
-- High yield

Low cost and fast fabrication 
-- Rapid Prototyping
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Limitations and Issues:

• Poor adhesion due to porosity of C membrane
• Lithography of SU-8
• Feature sizes limited to 8 µm
• Striations on sidewalls

Graphite X-ray Mask – Limitations

Most-commonly Used X-ray Resist is
Polymethylmethacrylate (PMMA)

or
Plexi-Glass

Resist Patterning
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Solvent bonding of a 
PMMA disk on a Si 
wafer
(Patent: H. Guckel )

Properties of Bonding/Gluing of Thick PMMA Sheets
• Low stress, well-defined material properties (Mw, uniformity,…)
• Fly cutting to desired height necessary
• Potential for mass production

Application of Thick PMMA Resist
Solvent Bonding

casting material

pressure

spacer

glass plate

Casting material PMMA/MMA viscose syrup + initiator (BPO, DMA)

Polymerization causes shrinkage and stress 
=> technology limited to ~ 200µm height

substrate

Application of Thick PMMA Layer
Casting 1
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Radiation Sensitivity
G-value = # of main chain scission/100eV absorbed energy

Main Chain Scission in PMMA

Energy is absorbed at individual atoms

Change of Mean Molecular Weight 
in PMMA (1)
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Initial distribution of 
high Mw PMMA

Mw distribution at the
substrate (bottom dose)

Mw distribution at the
surface (top dose)

Change of Mean Molecular Weight 
in PMMA (2)

Dissolvable by developer

GG-developer
‘nearly’ ideal at R.T.

Solubility of PMMA
in GG-Developer
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How accurate is the pattern transfer
in deep and ultra-deep X-ray lithography?

Patterning Accuracy

Ph.D. Thesis Jürgen Mohr, IMT/FZK, 1987

Patterning Accuracy - DXRL
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Ph.D. Thesis Sven Achenbach, IMT/FZK, 2000

Patterning Accuracy - UDXRL

• Mask
• Absorber
• Substrate

Thermal Effects
• Heating of resist
• Mask distortion

Fluorescence radiation as well as
photo- and Auger electrons

Secondary Radiation Effects
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Photoelectrons and 
Fresnel Diffraction

Ph.D. Thesis Dieter Muenchmeyer, IMT/FZK, 1984

1.8

Simulated and measured sidewall profile
20 µm

Bottom

250 µm

200 µm

150 µm

100 µm

50 µm

Top

Depth in resist

Mask

PMMA structure

Gold absorber

20µm

10µm

Top view
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Patterning Accuracy - Simulation

Ph.D. Thesis Andreas Schmidt, IMM, 1996
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Source: F.J. Pantenburg, Forschungszentrum Karlsruhe (IMT)

200 µm

Ti -Mask

Be-Mask

No Mirrors, developing bath 
temperature 25°C

Mirrors at 6 keV cut-off, 
developing bath temperature 25°C

Fluorescence Radiation

Shadow printing 
using x-rays

X-ray mask

Resist
Substrate 

Development 

Deep X-ray Lithography, Good  but Expensive
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PMMA (Poly-methylmethacrylate), is the most commonly 
used resist for deep x-ray lithography

• a positive resist
• good quality in accuracy and sidewall roughness
• extremely insensitive

PMMA: 500 µm    Scan length: 6 cm
Synchrotron at CAMD: 1.3 GeV, 
Storage ring current: 150 mA
Exposure time: 6 hours

LIGA-PMMA

SU-8 Based Deep X-ray Lithography

SU-8 Photo Resist : SU-8 has very high optical transparency above i-
line(360 nm), which makes it ideally suited for imaging near vertical 
sidewalls in very thick films.

SU-8 is negative resist and commercially available from MCC
(MicroChem Corp., USA) or MRT (Micro Resist Technology, Germany) 

It consists of three parts:
Resin: EPON SU-8 resin
Solvent: GBL
Initiator: a triaryl sulfonium salt
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Threshold dose (Dth): maximum 
dose underneath absorber to avoid
development (Critical dose )
For PMMA, Dth =100 J/ccm

Damage dose (Ddm): maximum dose
allowed at top of resist before
bubble formation occurs (Top dose )
For PMMA, Ddm =20,000 J/ccm

Development dose (Ddv): minimum dose 
needed at resist-substrate interface to completely 
dissolve the resist (Bottom dose ).
For PMMA, Ddv =3,500 J/ccm

Mask

Synchrotron irradiation

Substrate

Resist

Characteristic Doses, Definition and their values for PMMA

Threshold dose (Dth): maximum dose under the 
absorber to avoid SU-8 resist cross-linking and 
forming a skin-like layer in the shaded areas
(Critical dose ). For SU-8, Dth = ? 

Damage dose (Ddm): maximum dose allowed 
at top of resist before SU-8 resist gets damaged 
(Top dose ). For SU-8, Ddm = ?

Development dose (Ddv): minimum dose 
needed at resist-substrate interface to make the 
resist cross-link completely and withstand the 
development (Bottom dose ).
For SU-8, Ddv = ?

Mask

Synchrotron irradiation

Substrate

Resist

Definition of Characteristic Doses for SU-8
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SU-8 is much more sensitive to x-ray 
exposure than PMMA

Experimental Determination of Characteristic Doses for SU-8 

20,00 J/ccmœ*Damage dose 
(Top dose)

100 J/ccm0.05 J/ccmThreshold dose 
(Critical dose)

3500 J/ccm20 J/ccmDevelopment dose
(Bottom dose)

PMMASU-8ResistCharacteristic 
dose

40 min/cm
8  sec/cm

80 min/cm
20 sec/cm

3.5 hrs/cm
1 min/cm

10 hrs/cm
2 min/cm

PMMA: 500 µm
SU-8: 500 µm

PMMA: 1 mm
SU-8: 1 mm

PMMA: 2 mm
SU-8: 2 mm

PMMA: 4 mm
SU-8: 4 mm

Exposure Time Resist Thickness

Table 1  Exposure times for different    
resist thicknesses 

SU-8 is much more sensitive to x-ray exposure than PMMA
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(a) 400µm tall grating with 5 µm  
step and close-up view 

(b) 400 µm microstructure 
with 5 µm smallest sizes 

The smallest feature sizes of 5 µm have been patterned with good 
pattern accuracy.

The Quality and Accuracy of the SU-8 Microstructures (I)

Measurement of profile of sidewall -WYKO Profiler Method

400 µm tall SU-8 
grating with 20µm 
steps

Position 2 3 4 5
1

100 µm

200 µm

300 µm

400 µm

No more than 
0.1 µm variations 
on heights of steps

The Quality and Accuracy of the SU-8 Microstructures (II)
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Measurement of roughness of sidewall -WYKO Profiler Method

400 µm tall SU-8 grating
with 20 µm steps used for 
measurement of roughness

Roughness of sidewall, Ra= 26 nm

The Quality and Accuracy of the SU-8 Microstructures (III)

Measurement of roughness of sidewall -WYKO Profiler Method

400 µm tall SU-8 grating
with 20 µm steps used for 
measurement of roughness

Roughness of sidewall, Ra= 26 nm

The Quality and Accuracy of the SU-8 Microstructures (III)
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Rapid Prototyping by SU-8 based DXRL
-- Rapid & Cost effective Fabrication of X-ray Masks

X-ray masks with gold as absorber
and  graphite as membrane

(a) 700µm tall grating 
with 20 µm steps 

(b) 1000 µm tall posts
with 30 µm smallest size

(c) 1500 µm tall gears
with 50 µm smallest size

(d) 1500 µm tall spring
with 20 µm steps

SU-8 Microstructures -- High Aspect Ratio 
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2500µm high SU-8 Structures, High Aspect Ratio: 200 (BESSY GmbH)

SU-8 Microstructures -- High Aspect Ratio

3600 µm tall Microstructuresgears, High Aspect RatioAR:360 (BESSY GmbH)

SU-8 Microstructures -- High Aspect Ratio
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4000 µm tall Microstructures (BESSY GmbH)

SU-8 Microstructures -- High Aspect Ratio

SU-8 microgears Ni deposited into SU-8 
mold and polished

Ni microgears

SU-8 LIGA Technique
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DEX 02 Scanner installed at 
XRLM 1 beamline/CAMD

•The integrated optical overlay system
allows multiple exposures and thus 
generation of stepped structures.

-Internal overlay alignment 
accuracy: ± 0.3 µm

•The tilt and rotate modules permit oblique 
exposures and rotation around the beam axis. 
-Tilt range: 0° to 60°
-Tilt accuracy: 0.1°
-Rotation range: 360°
-Rotation accuracy: 0.1°

Multi-level and 3D-like structures-DEX 02 Scanner

Substrate
SU-8 Pattern

Substrate

PDMS Mold
SU-8 Pattern

PDMS

Nickel Mold

SU-8 mold

PDMS mold

Nickel mold

Multi-level Microstructures and Mold Inserts/SU-8 LIGA
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Concept of the Combinational Process

Substrate

PMMA

SU-8

Pattern SU-8 with UV or X-ray lithography

Pattern PMMA with X-ray lithography

Proof of Concept
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Mini-engine World's smallest 
rotary internal combustion engine.
(UC Berkeley photo)

Background
“Mechanical engineers at UC 
Berkeley's Combustion Processes 
Laboratories have built the world's 
smallest rotary internal combustion 
engine.”
- Lab Notes, UC Berkeley, v.1, n.1, 2001

SU-8 Deep X-ray Lithography/LIGA Application
– Fabrication of micro rotary engine housing

1.Aligning pattern 1st layer 
Resist to fabricate the bottom plate.

0.Pattern alignment marks 
on substrate 

2.aligning pattern 2nd layer 
resist to fabricate the gear.

3.aligning pattern 3rd 
layer resist to fabricate the frame.

4.Development SU-8

Fabrication of micro engine housing
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Louisiana ant inspects a micro rotary engine housing

(from Micromotion GmbH, Mainz)

Background
Micro Harmonic Drive®
-zero-backlash micro gear  
with high accuracy and high 
reduction ratio.

Examples of the Application 
- Fabrication of micro gears for Micro Harmonic Drive®
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Optical mask for 500µm thick gear Optical mask for 1000µm thick gear

Fabrication of micro gears 
for Micro Harmonic Drive®

500µm and 1mm thick SU-8 structures

Fabrication of micro gears for Micro Harmonic 
Drive®
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SU-8 microgears Ni deposited into SU-8 
mold and polished

Ni microgears

Fabrication of micro gears 
for Micro Harmonic Drive®

Fabrication of micro gears 
for Micro Harmonic Drive®

Ni microgears for Harmonic Drive ®
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SSLS layout

RFM

VFM

Camera
CT stage

Slit

HFM

Slit

M1,2 M3,4

Storage Ring
(700 MeV)

Slit

M

CCM

XDD (2.4-10 keV)
(XRD,XRR,XAFS,XRF,XRT)

Microtron (100 MeV)

FTIR 2

W-Diamond

Diffractometer
Ion chambers
Fluor.det.

Clean Room
class 1000

W-Be

W-Be

W-Be

PCIT (>2 keV)
SINS (0.05-1.2 keV)
(XPS,PES,XAS,XMCD,AFM/STM)

M6M5

M8

M7

Microscope

ISMI(10 -10 cm  )

LiMiNT(>2 keV)

LIGA process

4            -1
Mono-
chromator

Catalysis

FTIR 1

LiMiNT - Lithography for Micro/NanoTechnology

DXRL

HEX 01

SEM, EBL

Plating
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Plasma

Sputtering
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Storage ring

Air lock

Clean room class 1000Polish Dicing

Shield wall

LiMiNT facility for micro/nanofabrication

LiMiNT layout
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Cleanroom 
Class1000

LiMiNT facility

LIGA: X-ray lithography

X-Ray

Useful spectral flux:
>2 keV

Electron current:
300 mA
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µGalv plant (M-O-T) with 
one process circuit 
dedicated to gold 
electroplating for x-ray 
masks, one Cu and one 
Ni (Ni-alloy) process 
circuit. 

Ni plated microstructures 
before polishing

Nickel microstructure/
mold insert

HEX 01 hot embossing 
systems from Jenoptik-
Mikrotechnik. 

LIGA: Electroforming and Molding

LiMiNT-One Stop Shop for Micro/Nano Fabrication

Design Evaluation, 
Process Planning

Laser _ 

DXL MoldingInspection

Mask 

Plating

4x4 array of SU-8 Honeycomb MicrostructuresNi plated microstructures before polishing

Nickel microstructure/mold insert

Injection mold and molded plastic parts. The channel is 2 µm wide

e-beam _

Resist pattern
/device

Metal mold
/device

Plastic parts
/device

Micro/Nano
component

400 nm holes (left) and 200 nm pillars (right) in Nickel 

125 nm lines (left) and 250 nm holes (right) in PMMA

Optical,
X-ray mask

Idea/Design

Resist pattern
/device
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Fabrication and Inspection by means of X-ray

LiMiNT beamline is used for the fabrication of high 
aspect ratio micro/nanostructures by X-ray 
lithography/LIGA technology
PCIT beamline is used for the analysis of hollow high 
aspect-ratio microstructures by phase contrast imaging 
and tomography. 


